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FOREWORD

The Electric and llybrid Vehicle (EHNV) Program was established
in DOE in response to the Electric and Hybrid Vehicle Research,
Development, and Demonstration Act of 1976. Responsibility for
the EHV Program resides in the Office of Electric and lybrid Ve-
hicle Systems of DOE. The Near-Term Hybrid Vehicle (NTHV) Pro-
gram is an 2lement of the EHV Program. DOE has assigned procure-
ment and management responsibility for the Near-Term lybrid Ve-
hicle Program to JPL.

The overall objective of the DOE EHV Program is to promote
the development of electric and hybrid vehicle technologies and
to demonstrate the validity of these systems as transportation
options which are less dependent on petroleum resources.

As part of the NTHV Program, General Electric and its subcon-
tractors have completed studies leading to the Preliminary Design
of a hybrid passenger vehicle which is projected to have the maxi-
mum potential for reducing petroleum consumption in the near term
(cormencing in 1985). This work has been done under JPL Contract
955190, Mcdification 3, Phase I of the Near-Term Hybrid Vehicle
Program.

This volume is part of the Deliverable Item 7 Final Report
of the Phase I studies. 1In accordance with Data Requirement
Description 7 of the Contract, the following documents are sub-
mitted as appendices:

APPENDIX A is the Mission Analysis and Performance Specifi-
cation Studies Report that constitutes Deliverable Item 1 and
reports on tl~» work of Task I.

APPENDIX B is a three-volume set that constitutes Deliverable
Item 2 and rcports on the work of Task 2. The three volumes are:

® Volume I  -- Design Trade-Off jrudies Report

e Volume Il ~- Supplement to Design Trade-~Off
Studies Report, Volume I

®» Volume III -- Computer Program Listings

APPENDIX C is the Preliminary Design Data Package that con-
st/ tutes Deliverable Item 3 and reports on the work of Task 3.

APPENDIX ) is the Sensitivity Analysis Report that consti-
tutes Deliverable Item 8 and reports on Task 4. 1

The three classifications - Appendix, Deliverable Ttem, and
Task number - may be used interchangeably in these documents.
The interrcelationship is shown in the following table.

i T UCEDING PAGE BLANK NOT FIVMY Y
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Deliverable
Appendix Item Task
A 1 1
B 2 2

Title
Mission Analysis and Performance
Specification Studies Report

Vol. I - Design Trade~Off Studies
Report

Vol. II - Supplement to Design
Trade~-0ff Studies Report

Vol. IIT - Computer Program
Listings

Preliminary Design Data Package
Sensitivity Analysis Report

This is Appendix D, Sensitivity Analysis Report, which reports

on Task 4 and is Deliverable Ttem 8. It presents the study meth-
odolngy, the selection of input parameters and output variables,
the sensitivity study results, and the conclusions of the sensi-

tivity analysis.
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Section 1

INTRODUCTION

1.1 INTRODUCTION

this is Appendix D, Sensitivity Analysis Report (Deliverable
Ttem 8). It reports on Task 4 and is part cf Deliverable Item 7,
Final Report, which is the summary report of a series which docu-
ments the results of Phase I of the Near-Term Hybrid Vehicle Pro-
gram. This phase of the program was a study leading to the pre-
liminary design of a five-passenger hybrid vehicle utilizing two
enerqgy sources (electricity and gasoline/diesel fuel) to minimize
petroleum usage on a fleet basis.

The program is sponsored by the U.S. Department of Energy
(DOE) and the California Institute of Technology, Jet Propulsion
Laboratory (JPL). Responsibility for this program at DOE resides
in the Office cf Electric and Hybrid Vehicle Systems. Work on
this Phase I portion of the program was done by General Electric
Corporate Research and Development and its subcontractors under

JPL Contract 955190.

This volume presents the study methodology, the selection of
input parameters and output variables, the sensitivity study re-
sults, and the conclusions of the sensitivity analysis.

1.2 OBJECTIVES OF SENSITIVITY ANALYSIS (TASK 4)

The objective of Task 4 - Sensitivity Analysis - is to deter-
mine the impact of variations in selected parameters on the util-
ity, the economic attractiveuess, and the marketability of the
hybrid vehicle. The parameters to be varied include travel char-
acteristics, energy costs, hybrid vehicle lifetime, maintenance
costs, and fuel economy of the Reference ICE Vehi.ie.

1.3 SUMMARY

The sensitivity studies were performed using the vehicle de-
sign computer program (HYVELD). All the results presented in this
report pertain to the parallel wybrid configuration without second-
ary cnergy storage. The scnsitivity of hybrid vehicle design to
the power train configuration and component characteristics was
reported in SRD-79-075, Design T ade-0£f Studies Report, Volume I. '

Results are presented for the effect on clectric range re-
quirements of changing the annual mileage statistics for the vari-
ous missions. The effect of a '7% change in annual mileage at a
fixed clectric range depends significantly on the perecentile of q
travel on the electricity considered. Annual mileage has a signi- ’
ficant effect on ownership cost, but it does not cffect the differ-
ences in ownership cost between the hykrid and convent.ional ve-
hicles. TIn general, the ownership costs ircrease slightly as a
greater fraction of the total annual miles is driven in urban arcas.
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The price of electricity is relatively unimportant in deter-
mining the relative ownership costs of hybrid and conventional ICE
vehicles. 1In contrast, the prize of gasoline has a larqc effect
on the rela' ‘ve ownership cost. Extending the lifetime and re-
ducing the maintenance of the hybrid vehicle are important factors
in attaining ownership costs less than those for conventional ve-
hicles. The gasoline saved by the use of a hybrid vchicle in-
creases linearly with annual mileage. The gasolinc saved increascs
as more of the driving is done in urban areas. Gasoline savings
are sensitive to the baseline fuel cconomy of the Reference ICE
Vehicle. Marketability and fraction of gasoline saved arc not
sensitive functions of electric range at least in the neighbor-
hood of a 30-mi nominal range.

1.3.1 CONCLUSIONS

The major conclusions drawn from the sensitivity analysis
are the following.

1. Changes in annual mileage are reflected directly in the
fraction of the miles that the hybrid vehicle can be driven
primarily on electricity with the marginal effect increasing
rapidly when the fraction falls bhelow 50%.

2. For the lowest cost dc electric drive system and high-
volume production, the initial cost of the hybrid vehicle
would be $1200 to $1500 higher than that of the conven-
tional vehicle. This cost differential would be $1600
to $2100 for low-volume production of the electric com-
ponents.

3. For nominal energy cccts ($1.00/gal for gasoline and 4.2¢/
kWh for electricity), the ownership cost of the hybrid
vehicle is projected to be 0.5 to 1.0¢/mi less than the
conventional ICE vehicle. To attain this ownership cost
differential, the lifetim~ of the hybrid vehicle must be
extended to 12 years and its maintenance cost reduced by
25% compared with the conventional vehicle.

4. The ownership cost advantage of the hybrid vehicle increases
rapidly as the price of fuel incrcases from $1 to $2/gal.
The cffect of the cost of electricity on ownership cost
is small for clectricity prices between 2.5¢ and 8.5¢/kWh.

5. Annual mileage and fraction of miles in urban driving do
not significantly affact the owncrship cost differential
between the hybrid and conventional vehicles.

6. Changes in general economic conditions (i.e., the infla-
tion rate) do not significantly affect the ownership cost
differential between the hybrid and conventional vehicles.

~
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9.

10.

Annual fuel savings using the hybrid vehicle are stroengly
dependent on the fuel cconomy haseline used for the Ref -
crence LCE Vehicle,o  Using projccted 1944 fuel cconomy
values, the hybrid vehicle would have a fuel savings of
about 555 or 250 gal per vehiolo,

Hybrid vehicles would he cconomically attractive to a wide
group of noew car buyers with thoe ownership cost and frac-

tion of tucl saved varying onlyv slightly hotweon the 1hth
and 90th porcontile of car QWNOT S,

The cconomic attractiveness of tho hyhrid vehicle is not
a strony function of dosign eolectrie range for changes
in range between 30 to 40 mi.

Hybrid vehicles using dicsol engines have a slight advan-
tage in ownership cost (0.5 - 1.0¢/mi) compared to thosa
using gasoline engines, but tho gesoline cngine~powered

hvybrid has a slightly greater ownership cost differentia)

advantage comparcd to the corresponding conventional
virhicle.
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Section 2

STUDY METHODOLOGY
2.1 INTRODUCTION

The Minsion Analysis (Task 1) and besign Trade-01§ Sty
("Pask 2) rensults (H2) caorrespond Yo oo aet of nominal saluern tor
travel characteroaticon, onergy conts, qoneral cconcrio con o iong,
hyborid vehielo Titetime and maintonancee, and fael coonomy of thoe
reteronce 1CK vehieler  The nominal vaiues used in Task 1 oand
Task 2 were best entimates of the various paramet o, but, with-
out question, thore dig considerablo anceortainty rogarding some
ol the paramctors,

This study (Task 4) is concerncd with the impact of varying
selected parameters around the nominal values (i.e., higher and
lower). The impacts of particular interest are the utility of
the hybrid vehicle, its cconomic attractiveness and marketabal: ty,
and the fuel saved relative to the reference ICE vehicle.  Some
of the parameters sclected for study weore specificd by the Je?
Propulsion Laboratory (JPL) in the work statement for Task 4. '3)
Others werce included in the sensitivity study because the work 1o
Tasks 1 and 2 indicated their impact wculd be part! oui.riv sig-
nificant.

The approach used and the scope of the sensitivity study per-
formed are discusscd in the folinwing sections for the parameters
related to Mission Analysis and Design Trade-0Off Studies.

2.2 MISSION ANALYSIS-RELATED STUDIES

The methodology used in the mission analysis-related sensi-
tivity studies was the_gsame as that used to obtain the resulta:
presented previously. 1) The method reguires data on annual mile-
age.  dowever, there is considerable uncertainty regavding such
data. ‘Therefore, the sensitivity of the changes in hybrid ve-
hicle range requirements to changes in annual milcage was studiod {
by assuming a @ 7% variation in tho annual mileage statistical
distributions{1) (sce rgure 2-1).  The results of the trip-
characteristic computeor calculations for the statoed variations 1
in annual mileage are given in Tables 2-1 and 2-2 for the various !
missions,

It is of inteorest vo compare the annual milcage distributions !
used in the present study with some recent data publishoed by Ui,

News and World Report. (USNWR) () mhig s done in Figure 2-2 us- )
ing the all-purpose wmission curves trom iigure 2-1 hoceause the all- ‘
purpose migsion most closely matehes the goneral charactor ot tho 1
responses Lo the USNWR questionnatre.  The agrecment botween tho now

data and that used in the present study is quite qood.
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2.3 RELATED DESIGN TRADE-OFF STUDIES

These sensitivity studies dealt with determining the ilmpact
of variations of travel characteristics, energy costs, general
economic conditions, hybrid vehicle lifetime and maintenance costs,
and fuel economy of the reference ICE vohicle on {hoe utility of
the hybrid vehicle, its economic attractiveness and thus, its
marketability, and the fuel saved relative to an ICE vehicle. The
sensitivity studies were performed using the Hybrid Vehicle Design
(HYVELD) computer program which was also employed extensively in
Task 2., A Fortran listing of HYVELD is given in Volume 111, 712)

changed by simply altering the inputs to the program, The ver-
satility built into HYVELD made performing the parametric studies
discussed herein quite straightforward and fast.

A summary of the parameter sensitivities studied using HYVELD
is given in Table 2-3,. About 50 runs were made - divided into the
groups indicated - to investigate the effect of one or, at most,
three parameters at a time. The manner in which the parameters
were varied is discussed in Section 3. All the results presented
in this report pertain to the parallel hybrid confiquration (with-
out secondary energy storage) and are for a power- ' n-weight ratio
Kp equal to 0.02 kW/lb. The sensitivity of hybrid vehicle design to
power train configuration and component characteristics was studied
in detail in Task 2 and was not repeated in this study (Task 4).
The HYVELD calculations yielded parametric results for other hybrid/
electric vehicle configurations, but those results are not discussed
in this task because the design trade-off studies indicated clearly
that the parallel hybrid approach was far superior to the others.
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Section 3

SELECTION OF INPUT PARAMETERS
AND OUTPUT VARIABLES

In any sensitivity analysis, there are input parametcrs which
are varied systematically and output variables or functions on
which the effect of altering the input parameters is to be deter-

mined.

1.

In the present study, the input variables are the following:

Travel Characteristics

® Annual mileage
® Fraction of miles in city driving
® Daily travel statistics

Energy costs

® Gasoline and diesel fuel price
® Electricity price

Vehicle lifetime and maintenance costs

® Effective lifetime of the hybrid vehicle

® Fractional reduction of maintenance costs relative
to a conventional vehicle

General economic conditions

® Discount rate
® Interest rate
e Inflation rate

Fuel economy of the Reference ICE Vehicle

® Miles per gallon in city driving
® Miles per gallon in highway driving

Drive-line component costs
Engine type

The output variables or functions which are determined for the
combinations of input parameters are the following:

(S B S I

Electric range requirement
Initial cost of the vehicle
Ownership cost

Fraction of tvel saved or iﬁnual fuel saving
13
Market penetration

The input parameters which will be varied and the range of values

used are
they are
3.2.

S e s

discussed in Section 3.l. The output variables and how
related to the input parameters are discussed in Section

3-1
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3.1 SELECTION OF INPUT PARAMETERS

3.1.1 TRAVEL CHARACTERISTICS

3.1.1.1 Annual Mileage

Annual mileage is an important parameter for at least two
reasons. First, it has a strong intluence on daily travel sta-
tistics and, thus, on the fraction of miles that the hybrid vehi-
cle can be operated primarily on electricity. Secondly, the an-
nual mileage influences directly the effect of fixed costs on op-
erating cost and the total annual fue¢l consumption of both the
hybrid and conventional vehicles. Annual mileage staktistics are
given in Figure 2-1 for various missions and localities. Average
annual mileage values were specified by the Jet Propulsion Lab-
oratory as follows:

® Low - 11,022
® Medium (nominal) - 11,8582
e High - 12,682

In all sensitivity calculations in which annual mileage was not
the input parameter under study, the nominal annual mileage of
11,852 was used.

3.1.1.2 Fraction of Miles in City Driving

Since the hybrid vehicle utilizes primarily electricity in
urban driving, the fraction of miles driven in the city is an im-
portant factor influencing both operating cost and energy usage.
For purposes of a fuel economy projection, the Environmental Pro-
tection Agency (EPA) uses a city/hi?hway mileage split of 55/45.
Analysis of available travel data(l) indicates that for areas
within Standard Metropolitan Statistical Areas (SMSAs) a city/
highway mileage split of 65/35 was more appropriate. As a result,
the 65/35 split was adopted as nominal for the present hybrid
vehicle study. In the sensitivity analysis, the fraction of miles
in city driving was varied as follows:

e Low - 0.55
® Nominal - 0.65
e High - 0.75

3.1.1.3 Daily Travel Statistics

The designation "daily travel statistics" means cither the
fraction of days or the fraction of miles driven on days in which
the total milecage on that day is less than a specified valuc.
This is conveniently ecxpressed as "accumulative probability dis-
tributions," as shown in Figures 3-1, 3-2, and 3-3.(1) paily
travel statistics are an input quantity when one is considering
the fraction of miles that can be driven on electricity but can

3-2
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Figure 3-1. Daily Random Travel for All Travel - Percent
of Vehicle Miles - as a Function of Annual
Miles

be an output quantity when one 1s considering the effect of

99.99

annual mileage. Daily travel statistics are utilized in the pres-
ent study to investigate the effect of vehicle eleciric range on
owner ship cost and gasoline saved by potential car buyers in stated
percentiles of auto use (annual mileage). The sensitivity c¢f hv-

brid vehicle economic attractivenecss to percentile of auto use

is an indicator of the possible market penetration of a particular

hybrid vehicle design. For this purpose, the daily statistics

g 'ven in Figure 3-3 have been converted in Table 3-1 to the tollow-

ing inputs for the sensitivity analysis.,

ORIGINAT, PAGE I8
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Tahle 3-1

VENTCLE UGE CENSTITVINY INPHPS

i T Fraction of Miles on Elece~
tricity in Urban Driving |
Flcetric
Total Primary . \ .
Annual Urban Percentile \ Range 30 mi 3 m 40 mi
Miles Miles of Use  \ » ]
8,571 6,000 35 0.79 0.86 0.905
9,714 ¢,800 50 0.72 0.81 0.865
11,860 8,300 75 0.57 0.66 0.74
14,715 10,300 90 ] 0.43 0.53 0.61 |

3.1.2 ENERGY COSTS

There are three energy costs of interest in the present
study:

® Gasoline price
e DbLiesel fuel price
® Electricity price

Energy costs have a direct impact on the operating costs of both
hybrid and conventional vehicles, but the impact of rising petro-
leum fuel costs on the hybrid vehicle is less than for the con-
ventional vehicle. Hence, the hybrid vchicle becomes more cco-
nomically attractive as fuel prices increase. Energy costs in
1985 were specified by the Jet Propulsion Laboratory. Those val-
ucs were used directly, but he range of values was extended as
shown in Table 3-2 below to account for the accelerated rise in
energy costs in recent months.

Table 3-2

ENBERGY COSTS

knergy Unit Low Nominal High Lxtroeoce
Electricity ¢/kWh 3.80 4,20 5.50 7.50
Gasoline $/gal 0.67 0.96 1 .24 2.50
Dicsel $/gal 0.60 0.89 L.a15 2.50

In the HYVELD program, diesel fuel is treatoed in terms of ity
gasoline cquivalent by energy content. Thus, the diesel unit
price shown in the table is reduced by a factor of 1,156 to et
the equivalent price ot gasoline (c.qg., o diesel tuel price of
S1/gal is cquivalent to $.87/gal tor gasoline),
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1.1.3 VBILICLE LIFRTIME AND MAINFENANCE COSTS

vehicle lifetime is an important factor in dotermining the
depreciated value of the vehicle as it ages.  Nonlinear deprecia=
tion (roverse sum of the digits method) was agsumed using the
relationship

N-1

B R T .
DV [1 . ](ou
s

i

i=1
wherce

DPV - depreciated value after N ycars
NI - vchicle lifetime
oC - original vehicle cost

In this sense, vehicle lifetime is the period of time over which
the vehicle has resale value significantly above a scrap price.
In this study it was assumed that the lifetime of a conventional
ICE vehicle was 10 yrs and that of the hybrid vchicle was varied
between 10 and 15 yrs. In order to extend the lifetime of the

. hybrid vehicle, an add it ional cost was included for special treat-

: ment of the body and other structural parts. The vechicle improve-
ment cost factor (VICF) was taken to vary between 5 and 10% de-

} pending on the lifetime extension desired.

f The maintenance cost of the hybr id vehicle (MCHV) was expressed
relative to that of the conventional ICE vehicle as

|
; MCHV = (1 - MIFHV) MCCV

o where MIFHV is the maintcnancn improvement factor used for the
! hybr id vehicle. MIFHV was varied between 0 and 50%. The main-
tenance cost (MCCV) of the conventional vehicle was taken as 2¢/mi.

Computer runs were made for the following combinations of
vehicie lifetime and main*enance cost parameters.

] | vier
. MR
10, 15 0 0.05
. 10, 12 0.25 0.05
10, 12 0.50 0.05
| 15 0.50 0.10
3-6
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3.1.4  GINERAL ECONOMIC CONDITTONS

The general cconomic
inflation rate (IF), interest rate (119), and discount rate (hR) .
Both the discount rate and interest rate inereatse at the rate of
inflation increasces, Calculations wore made for the followinag
combinat ions of cconomic factors.

inflation Rate (4
Discount Rato (%)
Interest Rate (%)

)

conditions are doeseriboed in terms ot the

Low Nominal High
3 i 10
5 7 13
8 10 10

3.1.5 FULL ECONOMY OF Tilli REFERENCE TCH VEHICLE

Both the cconomic

attractivencess of the hybrid vehiele and
the fuel (gasoline or dicsel) saved depend £erongly on the fuel
ecconomy assumaed for the Reference ICE Vehicie., 'There is considd-
orable uncertainty regarding the 1985 frol cconomy of five-pas-
senger ICE vehicles bocause it is not Lnown what EDPA fuel cconomy

ratings such vehicles will have in 1985, ana, in addition, the
magnitude of the discrepancy botwer.n FPA ratings and actual on-the-
road fuel economy cannot be accurately pradicted. In thoe presaent
study the fucl econony projectiong developed in the Migsion Analy =
sis Task wore usad and the correction factor rocommended by thoe
Jet Propulsion Laboratory wes assuned to apply in 1985,

(FE) coR

= 0,7L (FE) + 2.83

EPA

Sensitivity calculations werc made for both 1979 and 1985 fuel
economy values (corrected and uncorrected) for gasoline engine-
powered hybrid vehicles and for 1985-corrected fucl economy values
for dies .1 engine-powered hybrid vchicles. The fucl economy valuces
used in the sensitivity studies for city and highway driving are

listed in Table 3-3 for gasoline and dicsel engines.

Table 3-3

FUEL ECONOMY VALUES

Fuel Economy (mpg)

Fngine Type City
Gasolinc 19
tasoline 17
Gasoline 28
Gasoline 22
hiesel 29

(25.0H%)

Highway Year

28 ] 19,9

*asoline equivalent

23 1979 ~ Corrected
a2 1985
32 1085 -~ Corrected (nominal)
(ig*) 1985 - Corrccted
31-1
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3.0 06 BELECTRICAL DRIVE-LENID COMPONEN'T COS'TS AND LNGINE YRy

For the most part the sensitivity parameteoers discussed in
previous sections did not deal with the tochno logy of the hyhrid
power train, i.oe., the characteristicos of the drive-]ine compon -
ents. A timited number of results are given in this report  ehew-
ing the effect of soveral olectrical drive optiong and the diesel
enaine on the initial cost of the hybrid vehicle and it ownership
cost.  This is done so that the relative magnitnoes o1 the of foet s
of the social/cconomic factors and the teeobnical tapt s can he com-
pared and asscessed.  The component cost characiorist ios used in
the sensitivity study are giver in Table -4,  Note that specific
cost (S/kW) arc given for a low production rate (100,000 units/yr)
and a high production rate (1,000,000 units/yr). ‘The lattor pro-
duction rate corresponds to that in the Unitod States auto indus-
try. It has been assumed that for the hybrid vehicles to attain
the desived market penotration and rosultant significant fucd
savings (millions of barrels/day), component product ion ot on cone
parable to those tor conventional vohiclos are roguired.  The costs
correspondiag to those high production rates wore takon as tho
nominal values in the sensitivity study calceulation,

Tabile -4

DRIVE=1 N COMPONENT COST CHARACTERISTHCS

Coul (a/kw)r ]
I oduct ton R\att***)
A L Iigh Low
DC - Armature and Fiecld Control
® Motor 20.0 30.0
e Controller 14.1 21.0
DC - Battery Switching and
I"'teld Control
® Motor 20.0 30.0
® Controller 6.7 10.0
AC -~ Induction Motor and
Inverter
® Motor 13.3 20.0
® Inverter 19.0 28.0H
L _ S R R
Engine Type
® Gasoline B.5 -
e DNicscl 1G.5 ce _J

ATL costs in S/KW; olectric moiore costod ol cont i nuous
power rating; alil othors at peals power at i Ty

*High production rate g 1,000,000 units/yr. Low product ion
rate e 100,000 unita/yr,

I-8
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3.2 OUTPUT VARIABLES
3.2.1 ELECTRIC RANGE REQUIREMENY

mhe electric range requirement of the hybrid vehicle is one
of the mnst important design parameters. For the parallel hybrid,
this requirement sizes the battery pack in most cases and has an
important impact on both the initial cost of the vehicle and its
ownership cost. The nominal requirement is that the electric
range of the hybrid be great enough so that at least 75% of the
urban miles can be driven using the electric drive system as pri-
mary. This would permit a savings of about 75% of the fuel used
by the conventional ICE vehicle in city driving and would also
have a favorable impact on the economics of hybrid vehicle opera-
tion.

3.2.2 INITIAL VEHICLE COST

One of the requirements in the Near-Term Hybrid Vehicle Pro-
gram is that the initial cost of the nybrid vehicle be comparable
to that of the conventional ICE vehicle. This has been interpreted
to mean that the incremental initial cost of the hybrid should not
be so great as to discourage, in itself, potential new car buyers
from purchasing the hybrid vehicle. Therefore, the sensitivity
of the initial cost to travel characteristics, economic factors,
and component cost is a key consideration.

3.2.3 OWNERSHIP COST

Since the irstial cost of the hyrid vehicle will undoubtedly
be higher thar that of the convertional ICE vehicle, it is critical
that its life-cycle cost ($/mi) be less than that »f the conven-
tional vehicle. The term "ownership cost" means the total cost
of ownership pro-rated over each mile of use of the vehicle. 1In
the present study ownership cost includes both fixed costs, such
as vehicle depreciation, insurance, registration, etc., and vari-
able costs such as battery replacement, clectricity cost, fuel
cost, maintenance cost, etc. Ownership cost is a complicated func-
tion of many of the input parameters discussed in Section 3.1.
Hence, detailed comparison of the relative effects of various pa-
rameters on the ownership costs of the hybrid and conventional
vehicle is probably the most important part of the sensitivity
analysis task.

) The ownership costs calculated in this study are those of the
gfrst owner of the hybrid vehicle and have been averaged over the
first four years of its life. 1t was assumed that if the life
cycle costs of the hybrid vehicle were attractive to the first
owner, market penetration would be satisfactory and the resale

of the vehicle to the second owner would present no difficulties.

3.2.4 FUELVSAVINGV(Total and Fraction?

Since the primary objective of utilizing hybrid vehicles for
persanal transportation is to save petroleum fuels, the sensitiv-
ity of fuel savings to the various input parameters is clearly

L
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of extreme interest. Fuel savings depend strongly on travel char-
acteristics, as well as the fuel use characteristics of both the
hybrid conventional ICE vehicles. Fuel savings are calculated di-
rectly by the HYVELD program so that determination of the sensi-
tivity of fuel savings to changes in the various input parameters
presented no difficulty.

3.2.5 MARKET PENETRATION

Assessing market penetration in a quantitative manncr is prob-
ably the most difficult problem associated with the Near-Term Hy-
brid Vehicle Study. It is relatively simple to identify circum-
stances which would preclude significant market penetration and to
identify other situations which would result in very rapid pene-
tration of hybrid vehicles into the passenger-car market. Neither
of the extreme cases appear probable in the near-term based on the
results of the Mission Analysis and Design Trade-Off Tasks. (1,2
The projected situation seems to be that for the nominal values of
the input parameters the initial cost of the hybrid vehicle will
be about §$1500 higher than that of the conventional ICE and that
by using lead-acid batteries the ownership cost of the hybrid ve-
hicle will be equal to or slightly lower than the conventional
vehicle. This means that the break-even price of gasoline is
about $1/gal for the hybrid vehicle. From the viewpoint of the
average car buyer, then, there is no clear-cut reason why he/she
should buy a hybrid vehicle rather than a conventional vehicle
based on the nominal set of input parameters. The results of the
sensitivity studies will be used to assess how changes in the
nominal set of circumstances will influence market penetration
and how the statistical character of auto usage affects the at-
tractiveness of hybrid vehicles to segments of the auto market.
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Section 4
SENSITIVITY STUDY RESULTS

4.1 ELECTRIC RANGE REQUIREMENTS

The effect on electric range requirements of changing the an-
nual mileage statistics for the various missions - both inside and
outside Standard Metropolitan Statistical Areas - by 7% is shown
in Figures 4-1 through 4-4. The same results were given previously
in Section 2.2 in tabular form (see Table 2-1). It is of interest
to analyze the effect of the *7% variation in annual mileage at a
fixed percentile of miles traveled primarily on electricity (e.qg.,
along a vertical line in Figure 4-1) and for a fixed design elec-
tric range (e.g., along a horizontal line in Figure 4-1). The ef-
fect of a t7% variatior. in annual mileage statistics on the electric
range requirement for 75% of daily travel on electricity is shown in
Figure 4-5 as a function of the percentile of cars used for personal
and work travel. Figure 4-5 indicates that in this case the 7%
variation in annual mileage results in a corresponding +7% change
in electric range requirement at each percentile of the auto
population.

= 80|~ e e
Ew e -
g % I ~ U T PERCENTILE OF |- Lig#®
g s i U AUTOS i
R S I R T
< INSIDE CMSA 1T e
% 30} PERSONAL & WORK TRAVEL "~ 75th |
" ! i . . .
A I _ ,
Q : TR S VNN S | 1 :
g 20 : T 50 thNOM- ;
u ' H
H |
(VY]

v t 7%
‘i ! ‘ * S . . i
: ‘ 2 ' j
f U ... : AN .. f
1?).01 0.1 051 2 5 10 20 30 405060 70 80 90 95 98
PERCENT OF VEHICLE MILES IN RANDOM URBAN TRAVEL
Figure 4-1. Effect of Vehicle Range on Vehicle Use -
Percent of Random Miles Traveled, Inside

SMSA, Personal Plus Work Travel

It can also be observed from Fiqures 4-1 throuah 4-4 that the
effect of a *7% change in annual mileage at a fixed electric range
depends significantly on the percentile of travel on electricity
being considered. For high expected percentiles of travel (2 75%)
on electricity a +7% variation in annual mileage has only a small
effect, but for lower expected percentiles (< 50%) of travel on
electricity, the effect of the 7% variation is much greater. For
example, for a primary electric range of 30 mi with cars in the
75th percentile of use based on annual random travel (miles), a
t7% change in annual mileage results in the percentage of travel

-1 ORIGINAL PAGH 18
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Figure 4-2. Effect of Vehicle Range on Vehicle Use - Per-
cent of Random Miles Traveled, Inside SMSA,
Personal Travel Only
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Figure 4-3.

PERCENY OF VEHICLE MILES IN RANDOM URBAN TRAVEL

Effect of Vehicle Range on Vehicle Use - Percent
of Random Miles Traveled, Inside SMSA, All-Purpose
Travel (Excluding Intercity Travel)

on electricity ranging from 28 to 48%, which is much greatcer than

+7% around the nominal value of 40%.

This mecans that the coffeoct

of changes in annual mileage is relatively small as long as the
usage of the hybrid vehicle permits most of the urban driving
(e.g., 75%) to be done on electricity, but once the percentage
of miles on electricity falls below 50%, further increcases in
annual mileage result in a rapid decrease in the utility of the
vehicle using electricity.




GENERAL B ELECTRIC

4.2 INITIAL VEHICLE COST

The most important factors in determining the initial cost
of the hybrid vehicle are the specific costs of the electric drive

100 U ——
- 90 OUTHIDE SMSA TR LA -
Z 80|~ PERSONAL & WORK TRAVEL ~ -w-p-feg-= A
£ S0l -(50th PERCENTILE WORK TRAVEL) ---{---}- .y
8 60f——f-f-+- -t T —PERCENTILE OF — 4 -
- Joo NE S DA I B 1 TUAUTOS e
5 40 .__.._44[_.._;..;_'? - T,‘...i - P _..E,_... .
T ] .
= 30} - -..... -4 ..4_‘.;‘_#. R ..§.7Tth_ .l
& | R N
2 | L |
£ 2of oo deee b o BOthNOMTI 2P :
ﬁ i © 7% i !
v} t | ‘ ‘ ' i
3 ol !
L]
101 -

8 01 051 2 & 10 20 30405060 70 80 90 9 98
PERCENT OF VEHICLE MILES IN RANDOM URBAN TRAVEL

Figure 4-4. =ffect of Vehicle Range on Vehicle Use - Percent
of Miles Traveled, Outside SMSA, Personal Plus
Work Travel
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o
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PERCENTILE OF AUTOS BASED
ON ANNUAL RANDUM 1RAVEL

759
<
N
=t

Fiaqure 4-5. FEffect of Changes in Annual
Mileage on Electric Range Required

components and the batterics. As discussed in Section 3.2, the
costs of the electric arive components (motors, controller, bat-
tery charger, contactors, ctc.) are expected to be significantly
affected by the volume at which these components are produced .
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Thus, two production rates have been identified - low (100,000
units/yr) and high (1,000,000 units/yr). The latter production
rate is comparable to that for components for conventional ICE
vehicles in the United States. The sensitivity of the initial
cost of a hybrid vehicle to battery type, electric drive-line
components, and producticn rate is shown in Figure 4-6. The crr-
responding initial cost :: the conventional ICE vehicle is $5700
in 1978 dollars. An examination of the effect of production rate
on the initial cost of the hybrid vehicle shows that increasing
the production rate from 100,000 to 1,000,000 units per year is
projected to reduce the cost of the hybrid by $400 to $600 for
all the battery and electric drive-line systems considered. This
represents about a 33% reduction in the cost differential between
the hybrid and conventional ICE vehicles.
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Figure 4-6. Sensitivity of Initial Cost of Hybrid Vehicle
to Electric Drive System Components

The influence of the type of electric drive~line system (dc
or ac) on initial cost is also shown in Figure 4-6. The ac drive
system costs more than the dc drive system; the cost differential
is $300 to $400 between the ac system and the lowest cost dc sys-—
tem using battery switching and field control to regulate the power
from the electric motor. This latter dc system is the nominal sys-
tem in the present study.
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Battery type also affects the initial cost of the hybrid
vehicle. Results are shown in Figure 4-6 for ISOA lead-acid,
Ni-Zn, and Li-S batteries. For the battery cost inputs given in
Table 4-1, hybrid vehicles using Ni-Zn batteries have the lowest
cost followed by Li-S and lead-acid. The maximum differences in
cost are about $500. The cost used for lead-acid batteries
($50/kWh) is quite realistic and probably attainable while for
Ni-Zn ($60/kWh) and Li-S ($40/kWh) the cost values are more spec-
ulative. Whether they can be attained after further development
of those batteries is open to some doubt.

Table 4-1
BATTERY COST AND LIFETIME CHARACTERISTICS

Cycle

Battery Type $/kWh $/1b Life

ISOA Lead-Acid 50 0.95 800

Ni=-Zn 60 1.80 500

Ni-Fe 60 1.80 1500

Li-S 40 2.10 800

4.3 OWNERSHIP COST

The ownership cost of the hybrid vehicle is critical to its
marketability because, as seen in Section 3, the initial expense
of the hybrid vehicle is projected to be about $1200 to $1500
greater than that of the conventional IC. vehicle. Therefore,
unless the ownership cust of the hybrid vehicle is lower than
that of the conventional vehicle, potential car buyers would have
little economic incentive to purchase the hybrid rather than the
conventional vehicle. The sensitivity of ownership cost to a
relatively large number of input parameters has been studied.

The parameters considered include average annual mileage, fraction
of miles in urban driving, electricity and fuel costs, vehicle
lifetime and maintenance costs, general economic factors, and the
cost of electric drive-~line components (motors, control.ers, and
batteries). All the results given in this section are for gas-
oline engine-powered hybrid vehicles. A comparison of gasoline
and diesel engine-powered hybrid vehicles is given later in Sec-
tion 4.6.

The effect of average annual mileage on ownership cost (¢/mi)
is shown in Figure 4-7 for annual mileages between 9500 and 12,750.
Results are shown for hybrid vechicles using lead-acid, Ni-Zn, and
Li~-S batteries. The ownership cost of the reference ICE Vehicle
is also given in Figure 4-7. The projected ownership costs of
the hybrid vehicles are less than those of the conventional vehicle
with the effect of annual milecage being nearly the same for all
the vehicles considerec. Annual mileage is seen to have a sig-
nificant effect on owncership cost, but it does not affect the
differences in ownersh.p cost between the hybrid and conventional
vehicles.
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Figure 4-7. Effect of Annual Mileage on
Ownership Cost

The sensitivity of the ownership costs of hybrid vehicles to
the fraction of miles in urban driving is shown in Figure 4-8. 1In
general, the ownership costs increase slightly as a greater fraction
of the total annual miles are driven in urban areas. This same
trend holds for the Reference ICE Vehicle because its fuel economy
is lower in city driving than in highway driving. For the hybrid
vehicles the ownership cost increases as more driving is done using
electricity because the resultant decrease in battery life is only
partly compensated for in eénergy cost savings (less gasoline and
more electricity is used in urban driving). Figure 4-8 indicates
that the ownership cost of the hybrid vehicle is less than that of
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1' All the ownership cost results discussed thus far are for the
- nominal energy prices of $1.00/gal for gasoline and 4.2¢/kWh for
- electricity. The sensitivity of the ownership costs of the hybrid
vehicles to energy prices is very important. The effect of elec~ :
tricity price on ownership costs is shown in Figure 4-9 for gasoline -
| prices of $1 and $2 per gallon. It is seen that increasing the ]
o electricity cost frcm 2.5¢/kWh to 8.5¢/kWh increases the hybrid
| vehicrle ownership cost by less than 1¢/mi. 1In addition, the owner- {
o ship cost of the hybrid vehicle using lead-acid batteries remains
- less than that for the conventional vehicle until the cost of elec-
tricity reaches 8.5¢/kWwh for a gasoline price of $1/gal. In essence, 1
Figure 4-9 indicates that the price of electricity is relatively
. unimportant in determining the relative ownership costs of hybrid
o and conventional vehicles. The effect of gasoline price on the |
- ownership cost of hybrid and conventional vehicles is shown in

4-6
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Figure 4-8. Effect of Urban Driving
on Ownership Cost

Figure 4-~10a through 4-10c. Results are shown for gasoline pPrices
between 65¢/gal. and $2.50/gal. It is clear from Figure 4-10 that
gasoline price has a large effect on the relative ownership costs

of both types of vehicles. It is noteworthy that the differences

in ownership cost begin to hecome significant at $1/gal and increase
rapidly in the gasoline price range of $1 - $2/gal. The effect of
electricity price is again seen to be quite small,

The result of extended lifetime and maintenance improvement on
the ownership.cost of hybrid vehicles is shown in Figure 4-11 for
] vehicles using a gasoline engine and various types of batteries.
The nominal assumption is that the hybrid vehicle has a lifetime of
12 yrs compared with 10 yrs for the conventiona? vehicle and has a

at the nominal energy costs of $1.00/gal for gasoline and 4.2¢/kWh
! for electricity, the ownership cost of the hybrid vehicle would be
| 19¢/mi compared with 18.5¢/mi for the conventional vehicle if both
vebicles had a lifetime of 10 yrs and a maintenance cost of 2¢/mi.

The effect of general economic conditions on the ownership

costs of the hybrid and conventional vehicles is shown in Figure 4-12.

| As would be expected, the ownership costs all increase (in constant
dollars) as the inflation rate is varied between 3 and 10% per year.

llowevcr, the relative ¢.fects on the various vehicles are small and

i do not seem to influence significantly the relative economic attrac-~
tiveness of the hybrid and conventional vehicles




o GENERAL @D ELeCTRIC
— 21 ~
E2}|
© 19 Ni-Zn BATTERY
-] —m——e——————— = - —==== REFERENCE ICE VEHICLE
Q18- — LEAD - ACID BATTERY
O 17 - Li-S BATTERY
o
T 16|
@ 15
g 151 GASOLINE — $1.00/gal
S 14 |
) - ] | | I I | i [
2 3 4 b 6 7 8 9 10
» ELECTRICITY COST (¢ /kWh)
s
] REFERENCE ICE VEHICLE
| ~ 22}
. —
- €21}
5 PN LEAD-ACID BATTERY
. ~ 20+ Ni-Zn BATTERY
| L]
- o B Li-S BATTERY
3 O 18-
I Q.
- T 17
2 16
- w B GASCLINE — $2.00/gai
£ 151
<
- © 4
| 1 | I | | 1 J
= 2 3 4 5 6 7 8 9 10
: ELECTRICITY COST (¢/kWh)
]
Figure 4-9. Effect of Energy Cost on Ownership Cost




GENERAL B ELECTRIC

26 , 26,
| /
25 Q,// 2h, \3, /
24 Oy7  FLECTRICITY 24 2S7 ELECIRICITY
- ol X\ COST
22 "/ s
s : ® o &7 : b3
{,‘, 21 2 ‘32 [ 2 ! ‘(‘J&/ 4%
S 20 38 & 20| &7 3
(@]
a 19 w19l /
7 T 18/
5 5% ;
g 17| w17y 7 Ni Zn BATTERY
G 16 LEAD - ACID BATTERY 2 16|
16 16
141 14
U S VRS SRR Qu— [ VT T S G
050 100 150 200 250 30 050 1.00 150 200 250 300
GASOLINE COST ($/gal) GASOLINE COST ($/gal)
(a) (b)
26 (- /
25‘ //
24| N
- X7
e ) ELECTRICITY
o 224 %\3/ CoST
= 21 @"/ (¢/kWh)
[72] f é\/ 7.-‘:
8 201 &7 3 3(2
& 191 T 38
% 18
&
§ 17
a6 Li-S BATTERY
15
14
13L A ' . i 1
050 1.0 130 200 250 3.00

GASOLINE COST ($/gal)

(c)

Figure 4-10.

sensitivity of Ownership Cost

to Price of Gasoline

ORIGINAT, PAGHE 18

OF POOR QUALITY 4.

9




GENERAL §D ELECTRIC

OWNERSHIP COST (¢, mi)

21
20

19¢

18
17
16
16
14
13

REFERENCE ICE VEHICLE
" Li-.5 BATTERY

\\ LEAD - ACID BATTERY

10 1 12 13 14 16 6 17
VEHICLE LIFE (yrs)

(a)

20 -
—19 - CONVENTIONAL ICE VEHICLES
| 10yr LIFETIVE) "~
S
- 18 \
7 NOMINAL <
8 INPUT
? 17+ 0%
a 25%1 MAINTENANCE
& 50% IMPROVEMENT
& 16 GASOLINE ENGINE J
2 ISOA LEAD - ACID BATTERIES
S GASOLINE PRICE : $1.0/gal
© .5 ELECTRICITY PRICE : 4.2 ¢ /kWh
ANNUAL TRAVEL : 11,852 mi
14 ] | ! 1 A S S
9 1 M 12 13 14 158 18

HYBRID VEHICLE LIFETIME (yrs)

(b)

Figure 4-11. Effect of Extended Lifetime and
Maintenance Improvement on the
Ownership Cost of llybrid Vehicles

4-10




GENERAL D ELECTRIC

2h
i CEADY ACIHD HAT Y
; Wi Zu BATIERY
, LS BATTHRY
20| HECERENCT 100 VEEICLE
Q . , s
o boed ] 111t
l n.: ! P | !
e |k RERE Rt
Q | | i -
(8] : ) | : by
a | 0 : ': { .
H 1 i . by
(j,:) 1()‘ . ; i § E 3
Tk AR
P : 2, ) { H
g : ) J . { X =y
o &5 BEEE L
o SRR
i Phd ol v
b, i s b
0t AL il j P L
DISC” INT RATE : 5% 7% 13%
RATE u. INFLATION : 3% 5% 10%
INTEREST RATE : 8% 10% 15%

ECONOMIC COST FACTORS

Figur» 4-12, Sensitivity of Owncrship Costs
to Various Economic Cost IFactors

The sensitivity of ownership cost to electric drive system
component costs and production rates is shown in Figure 4-13. The
effect is at most 1.5~-2¢/mi for a specificd batterxy type. This
magnitude is not large but is significant when compared to the
difference between the owncrship costs of the hybrid and conven-
tional vehicle at gas.iine prices around $l/gal.

4.4 ANNUAL GASOLINE SAVINGS

The annual gasoline savings depend on the fuel economy character-

istics of both the hybrid and the conventional ICE vehicles, It
also depends on the way in which the vchicles are used. The total
annual gasoline savings of the hybrid vehicle fleet is, of course,
equal to the gasoline savings per vehicle multipliced by the number
of vehicles in the flecet. The latter tactor depends on market pan-
~tration, which is discussed in the next scction.

The effect of annual mileage on gasolinc saved per vechicle is
shown in Iigure 4-14. As would be expected, the gasoline saved
(gal/yr) increcases lincarly with annual milcage. The savings re-
sul. ing from the use of Ni-Z2n and 1Li-8 battories are bhigher than
those using lead-acid because the hybrid vehiecles using the advancoed
battorices are lighter in weight.

The gensitivity of annual gasoline savirgs to fraction of miles
in urban driving is given in Figure 4-15. The gasoline saved .n-
creases as more of the driving as done in urban arcas because thig
permits the hybrid vehicle to utilize the electric drive system
alone a greoater fraction of the time, 'The fraction of the gasoline
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Figure 4-13. Sensitivity of Ownership Costs
to Electric Drive System
Components

saved compared to the Reference ICE Vehicle is obtained by divid-
ing the gasoline saved by that used by the reference vehicle. For
a nominal fraction of miles in urban driving of 0.65, a hybrid ve-
hicle using lead-acid batteries would have a gasoline savings of
about 53%.

The gasoline saved per year depends on the fuecl economy of
the Reference ICE Vehicle. As the fuel economy of the reference
vehicle is improved, the potential gasoline saving is, of course,
reduced. Annual gasoline savings using the hybrid vehicle are
shown in Figure 4-16 for a range of fuel economics for the Refer-
ence ICE Vehicle. The tirst two sets of fuel economy (on the left)
correspond to 1979 values (EPA-corrected and uncorrected) and the
last two sets correspond to projected 1985 values for a five-pas-
senger car. The projected EPA-corrected fuel economics (22 mpg-urban)
and 32 mpg-highway) have been used as the nominal values in the
present study. The gasoline savings would have been greater had
the 1979 FPA fuel economy values been used for the Reference 1CE
Vehicle. Figure 4-16 shows the strong sensitivity of gasoline
savings to the base-line fuel economy used for the Reference ICE
Vehicle.

4-12
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4.5 MARKETABILITY CONSIDERATIONS

In order for the market penetration of hybrid vehicles to be
significant, such vehicles must be economically attractive to a
large fraction of potential car buyers. 1In addition, if signifi-
cant market penetration is to lead to large annual savings of gaso-
line (millions of barrels per day), it is nNécessary that the frac-
tion of gasoline saved be relatively high for most of the hybrigd
vehicles sold regardless of use pattern. These considerations were
investigated by making computer calculations for daily travel sta-
tistics (see Section 3.1.1.3) reépresenting cars/owners in the 35th
to 90th percentiles of use based on annual mileage in random urban
driving. The mission selected for this study was personal business
Plus to and from work travel., The total annual mileage (urban Plus
highway) ranged from 8571 for the 35th percentiie to 14,715 for the
90th percentile of car owner. The combinations of inputs to the
HYVELD program were selected to correspond to the 35th, 50th, 75th,
and 90th percentile of car owners. The results of the calculations
are discussed using the percentile of car owner as the independent
variable. Variations with percentile will reflect the marketability
of the hybrid to a wide spectrum of potential car buyers.

Ownership cost saving and fraction of gasoline saved results
are given in Figure 4-17 for a hybrid vehicle having an electric
range of 30 mi. The eénergy costs used for these calculations were
$1.00/gal for gasoline and 4,2¢/kwh for electricity. 1¢ is inter-

esting to note from Figure 4-17 that the ownership cost saving of
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a factor of two. The fraction of gasoline saved varies from about
62% for the 35th percentile owner to about 50% for the 90th per-
centile. The corresponding gallons of gasoline saved per year are
215 and 305, respectively. The data given in Figure 4-17 indicate
that the hybrid vehicle should be equally attractive to a large
group of buyers and result in large gasoline savings for the en-
tire group. Figure 4-18, based on the questionnaire data of U.S.
News and World Report,(4) indicates that a vehicle must be attrac-
tive to new car buyers in a wide range of circumstances if it is
to have good market penetration.

Calculations were also made to assess the effect of design elec-
tric range on the appeal of hybrid vehicles to a wide group of po-
tential car buyers. Vehicle electric range was varied from 30 to
40 mi using the same daily travel statistics as were used in the
previous marketability study. The results of the calculations are
given in Figure 4-19. As expected, the ownership cost of the hy-
brid vehicle increases as its design electric range is increased
because the battery weight, and thus its cost, is higher. This in-
crease in ownership cost is relatively small -- only about 1¢/mi
for a change in electric range from 30 to 40 mi. Also as expected,
the fraction of gasoline saved increases for all percentiles of
owners as the electric range is extended. The increase in gasoline
fraction saved is only about 0.025 for the electric range change
considered. Hence, one concludes that marketability and fraction
of gasoline saved are not sensitive functions of electric range --
at least, in the neighborhood of the 30 mi nominal value used in
the present study.

4.6 ENGINE TYPE - GASOLINE AND DIESEL

Calculations were made to compare the ownership costs of hy-
brid vehicles using gasoline and diesel engines as a function of
fuel price. The ownership costs of diesel engine-powered hybrid
vehicles using various types of batteries are given in Figure. 4-20.
The ownership cost of the conventional diesel-powered vehicle is
shown in the figure for comparison. A break-even diesel fuel price
of about 60¢/gal is indicated for a hybrid vehicle using lead-acid
batteries. At higher fuel prices, the hybrid vehicle shows a clear
advantage in ownership cost compared to the conventional vehicle.

The ownership costs of gasoline - and diesel = powered vehi-
cles are compared in Figure 4-21 and Figure 4-22. The hybrid ve-
hicles all use lead-acid batteries. The diesel-powered vehicles
have lower ownership costs, but, as indicated in Figure 4-22, the
ownership cost savings is greater for gasoline engine~powered hy-
brid vehicles than for those using diesel engines. The differences
in ownership cost are, however, quite small -- less than 1¢/mi.




1Y

GENERAL P ELECTRIC

spToyasnol I1eD-aTdTI3ITNW I0J SOTISTIIORIRYD [3ARIL Tenuuy

S31JIH3IA 40 LN3JH3d
866 66 86 06 0. 05 O ol

*8T-¥ 2Inbra

! 10 100
f T T T T I I _ 1 000°L
QT0HISNOH NI SHVD .
v IONIYI4SY 40 HIGWNN 000z
P ———
L Z ¢
| | - Ho00s 2
N : i . . i ‘ 2
. ; i - <
i G ; VD 1SHH i 2
i mmw:wwm@w m«.. L Lo non o oo m
" | ’N\\@TOHISNOH HYI-33HHL <
MRS oqoou | |V NI'E¥D aNOD3S m
| IR - ooooz 2
- 000°05
M 8 r B - [ TR

" Y T TR T

ORIGINAL PAGH 1B

UALITY

OF POOR Q

4-17




e d ok e bedbed bed

1

i

Pt

LT R |
2 3w ppased ok oLl e das

Lty
I R

GENERAL P ELECTRIC

0.7 B

06|

GASOLINE SAVING RATIO

LEAD - ACID BATTERY
PERSONAL BUSINESS PLUS WORK TRIPS

ELECTRIC
PRIMARY
RANGE
(mi)

40
35
30

| | | 1 | | J

40 50 60 70 80 80 100
PERCENT OF VEHICLES

LEAD - ACID BATTERY
PERSONAL BUSINESS PLUS WORK TRIPS

ELECTRIC
PRIMARY
RANGE
{mi)

30

:/ 35

~40

1 { 1 | l

SAVING IN OWNERSHIP COST

Figure 4-19.

1 J
40 50 60 70 80 80 100
PERCENT OF VEHICLES

Effect of Electric Primary Range on
Fuel Saved and Ownership Cost

4-18




GENERAL & ELECTRIC

CONVENTIONAL
A 21 ,/ DIESEL
/ Ni-Zn
20r /LEAD~ACID
Eot Ni- Fe
2 Li-S
18t
Q
Q
Q
T 17F
[77]
[+
2
16}
2
15 |
14 1 1 1 | j]

I}
05 1.0 1.5 20 25 3.0
DIESEL FUEL PRICE ($/gal)

Figure 4-20. Effect of Diesel Fuel Price on the

ownership Cost of a Hybrid Vehicle
for Various Types of Batteries

23

, CONVENTIONAL VEHICLE

HYBRID VEHICLE

—— GASOLINE ENGINE
— — DIESEL ENGINE

OWNERSHIP COST i ¢ mi)
®

ISOA LEAD - ACID BATTERIES

15 Kp = 0.02, FNF ~ 0.6
NS = 12yrs
14{ S GO 4 i 1 + ' ‘
0.5 1.0 15 20 25 30
FUEL PRICE ($/gal)
Figure 4-2). Comparison of Ownership Costs of Hybrid

Vehicles Using Gasoline or Diesel Ergines |




TR TR WRSTIRET SW ATANT - RETTTERTET ay TE e

OWNERSHIP COST SAVING (¢/mi)

1 L.

Figure 4-22,

1.0 15 20 25 3.0
FUEL PRICE ($/gal)

Effect of Engine Type on
Ownership Cost Saving

4-20




O O SO

Section 5
CONCLUSIONS




e diahine

i, "" T
IR { s ot i s

GENERAL §P ELECTRIC

Section 5§

CONCLUSIONS

5.1 INTRODUCTION

Parmetric studies were made using a hybrid vehicle synthesis
and economics program (HYVELD) to investigate the sensitivity of
hybrid vehicle cost, fuel usage, utility, and marketability to
changes in travel statistics, energy costs, vehicle lifctime and
maintenance, owner use patterns, ICE Reference Vehicle fuel econ-
omy, and drive-~line component costs and type.

5.2 CONCLUSIONS

The major conclusicns drawn from the sensitivity analysis
are the following.

1. Changes in annual mileage are reflected directly in the
fraction of the miles that the hybrid vehicle can be driven
primarily on electricity with the marginal effect increasing
rapidly when the fraction falls below 50%.

2. For the lowest cost dc electric drive system and high-
volume production, the initial cost of the hybrid vehicle
would be $1200 to $1500 higher than that of the conven-
tional vehicle. This cost differential would be $1600
to $2100 for low-volume production of the electric com-
ponents.

3. For nominal energy costs ($1.00/gal for gasoline and 4.2¢/
kWh for electricity), the ownership cost of the hybrid
vehicle is projected to be 0.5 to 1.0¢/mi less than the
conventional ICE vehicle. To attain this ownership cost
differential, the lifetime of the hybrid vehicle must be
extended to 12 years and its maintenance cost reduced by
25% compared with the conventional vehicle.

4. The ownership cost advantage of the hybrid vehicle increases
rapidly as the price of fuel increases from 31 to $2/gal.
The effect of the cost of electricity on ownership cost
is small for electricity prices between 2.5¢ and 8.5¢/kWh.

5. Annual mileage and fraction of miles in urban driving do
not significantly affect the ownership cost differential
between the hybrid and conventional vehicles.

6. Changes in gencral economic conditions (i.e., the inflation
rate) do not significantly affect the ownership cost dif-
ferential between the hybrid and conventional vehicles.

7. Annual fuel savings using the hybrid vehicle are strongly
dependent on the fuel economy baseline used for the Ref-
erence ICE Vehicle. Using projected 1985 fuel economy
values, the hybrid vehicle would have a fuel savings of
about 55% or 250 gal per vehicle.
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10.

Hybrid vehicles would be cconomically attractive to a wide
group of new car buyers with the ownership cost and frac-
tion of fuel saved varying only slightly between the 35th
and 90th percentile of car owners,

The economic attractiveness of the hybrid vehicle is not
a strong function of design electric range for changes
in range between 30 to 40 mi.

Hybrid vehicles using diesel engines have a slight advan-
tage in ownership cost (0.5 - 1.0¢/mi) compared to those
using gasoline engines, but the gasoline engine-powered
hybrid has a slightly greater ownership cost differential
advantage compared to the corresponding conventional vehicle.
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